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THE ATTACK OF THE CLADDING OF 
EBR-n DRIVER FUEL ELEMENT C-249-16 

by 

W. E. Ruther, T. D. Claar, 
and S. Matras 

ABSTRACT 

An investigation was made to determine the cause of 
grain-boundary attack in selective areas of the Type 304L 
stainless steel cladding of a driver fuel element removed 
from EBR-II. A hypothesis that improper cleaning tech
niques may have caused the damage was rejected after var i 
ations of normal cleaning methods failed to duplicate the 
phenomenon. Chemical and electron-microprobe analyses, 
along with nnetallographic work, indicated that an increase 
in carbon concentration was associated with the areas of 
selective attack. Further testing showed that the micro-
s t ructure of a stainless steel surface that had been inten
tionally contaminated with a carbonaceous substance before 
exposure to sodiunn was essentially the same as the micro-
s t ructure of the cladding that had been exposed in EBR-II. 
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I. INTRODUCTION 

A r e a s of deep s e l e c t i v e g r a i n - b o u n d a r y a t t ack w e r e found in the 
Type 304L s t a i n l e s s s t e e l c ladding of one spen t M a r k - I A d r i v e r e l e m e n t 
du r ing a m e t a l l o g r a p h i c s tudy of f u e l / c l a d d i n g c o m p a t i b i l i t y . This e l e 
m e n t was one of four M a r k - I A e l e m e n t s that had been s e l e c t e d for ex 
a m i n a t i o n to d e t e c t p o s s i b l e f u e l / c l a d d i n g i n t e r a c t i o n s b e c a u s e they 
showed r e l a t i v e l y high fuel s w e l l i n g , r ang ing f r o m 10.9 to 14.8% (as 
i n d i c a t e d by p o s t i r r a d i a t i o n m e a s u r e m e n t s of s o d i u m leve l ) . M e t a l l o 
g r a p h i c s e c t i o n s of the c ladd ing of e l e m e n t 16 fronn subas sennb ly C-249 
( ident i f ied a s e l e m e n t C - 2 4 9 - 1 6 h e r e a f t e r ) w e r e found to have s e v e r a l 
ax ia l g r a i n - b o u n d a r y f i s s u r e s o r i g i n a t i n g in the o u t e r s u r f a c e of the 
c l add ing and p e n e t r a t i n g into the c l add ing . Mos t of the f i s s u r e s w e r e 
sha l low ( see F i g . 1) ,* but the a p p e a r a n c e of one m e t a l l o g r a p h i c s e c t i o n 
can be i n t e r p r e t e d to i n d i c a t e p e n e t r a t i o n th rough the c ladd ing ( s ee 
F i g . 2). The f i s s u r e s w e r e noted only in tha t p a r t of the e l e m e n t w h e r e 
n n a x i m u m fuel swe l l ing o c c u r r e d . 

*Unless indicated otherwise, all specimens were etched for 15 sec in 5*^oxalic acid, and all photo
micrographs were taken at a magnification of 400X and reduced photographically by 10*̂b. 





•t.-'rY<.'-:rn 
Fig. 1. Cladding of Element C-249-16 after 

45-sec Etch in 5% Oxalic Acid 
Fig. 2. Cladding Crack in Specimen 46A2 from Ele

ment C-249-16. Etched in HNOj-HCl-glycerol. 

The c ladd ing c a m e f r o m a lot of s e a m l e s s , a i r - m e l t e d m a t e r i a l , m o s t 
of which had b e e n u s e d in about 3500 fuel e l e m e n t s i n s t a l l e d in the r e a c t o r by 
the end of 1966. E l e m e n t C - 2 4 9 - 1 6 was in the r e a c t o r f r o m Ju ly 16, 1966 to 
D e c e m b e r 4, 1966. T h e r e is no ev idence that th is lot of c ladding m a t e r i a l 
in f luenced r e a c t o r p e r f o r m a n c e , b e c a u s e (a) no f i s s i o n - p r o d u c t r e l e a s e was 
de t ec t ed , (b) no c o r e o r s u b a s s e m b l y m a l p e r f o r m a n c e o c c u r r e d , and (c) no 
l o s s of bond s o d i u m o r o the r v i s ib l e effects w e r e o b s e r v e d in the spen t fuel . 

The spen t e l e m e n t was s t o r e d ou t s ide ttie r e a c t o r for about e ight 
m o n t h s be fo re it was sh ipped to I l l ino is for e x a m i n a t i o n . The p o s s i b i l i t y 
that the s t o r a g e e n v i r o n m e n t o r c l ean ing p r o c e d u r e c o n t r i b u t e d to the i n t e r 
g r a n u l a r f i s s u r e s was c o n s i d e r e d . 

P r e v i o u s m e t a l l o g r a p h i c i n v e s t i g a t i o n s and r e g u l a r EBR-LI s u r v e i l 
lance s t u d i e s w e r e r e c h e c k e d for i nd i ca t i ons of s i m i l a r a t t ack . None was 
found. S ix teen add i t iona l e l e m e n t s (over 80 po l i shed s e c t i o n s ) w e r e ex 
a m i n e d , but none of t h e m showed i n d i c a t i o n s of such a t t ack . F u r t h e r m o r e , 
t u b e - b u r s t t e s t s of the c ladding f r o m 20 fuel e l e m e n t s of s even s u b a s s e m 
b l i e s r e m o v e d f r o m the r e a c t o r in 1965 and e a r l y 1966 had shown no ev idence 
of c r a c k s . Al though the p r e p o n d e r a n c e of ev idence i nd i ca t ed that the a t t a c k 
of the C - 2 4 9 - 1 6 c ladding was un ique , the po t en t i a l h a z a r d to the r e a c t o r r e 
q u i r e d tha t a c a r e f u l i n v e s t i g a t i o n be m a d e to d e t e r m i n e the m o s t p r o b a b l e 
c a u s e of th i s n e a r - f a i l u r e . A t a s k g r o u p was o r g a n i z e d under the d i r e c t i o n 
of R A. Noland. Through the c o o p e r a t i o n of m e m b e r s of th is g roup , two 
h y p o t h e s e s of the c a u s e of the a t t ack w e r e p o s t u l a t e d and eva lua t ed : 





1. Slight variations in the normal cleaning or storage of the fuel 
element could have exposed heat-sensi t ized stainless steel to concentrated 
sodium hydroxide solution for a period of time. 

2. The grain boundaries could have been selectively carburized 
before or during the exposure to reactor sodiunn, making the boundaries 
susceptible to cracking and etchant attack. 

U. EXPERIMENTAL PROCEDURE 

Seamless Type 304L stainless steel tubing from the lot used to 
fabricate the cladding of element C-249-16 was exposed to sodium in the 
ex-reactor recirculating system shown in Fig. 3. (Table I gives the 
chennical analysis and mechanical propert ies of the stainless steel used 
in the studies.) For comparison, welded tubing from a similar lot was 
exposed in the same system. Standard vibratory polishing techniques were 
used in the metallographic preparation of specimens,* which were subse
quently etched electrolytically with a 5-wt % solution of oxalic acid. 

~ SAMPLE REMOVING DEVICE 

= TO ARGON 

Fig. 3 

Recirculating System in 
Which Specimens Were 

•exposed to Sodium 

h«ATINC TAPE 

(MAPHRACW PuMP HEAD 

T A B L E I. Type 304L S t a i n l e s s S tee l Used in 
C a r b u r i z a t i o n Studies 

C h e m i c a l A n a l y s i s , 
wt % M e c h a n i c a l P r o p e r t i e s 

C: 0.02 Si: 0.40 
Mn: 1.0 C r : 18.8 
P : 0 .006 Ni: 10.0 
S: 0.010 

Yield s t r e n g t h : 
U l t i m a t e s t r e n g t h : 
E longa t ion : 
H a r d n e s s : 

39,000 p s i 
90,000 p s i 
55% in 2 in. 
Rockwel l B - 6 9 

S. Matras, Vibratory Grinding and Polishing of Metallographic Specimens, ANL-6975 (Nov 1965). 





A. Cleaning Hypothesis 

Several tests were conducted on specimens exposed to 550°C 
sodium and then cleaned by different techniques. 

Table II l ists the test specimens and the techniques used to clean 
them. For each group listed, five samples were prepared: (I) e lect ro-
polished; (2) as - rece ived , t r ansverse ; (3) as-received, longitudinal; 
(4) plastically deformed, t ransverse , and (5) heat-sensit ized. The 
stainless steel specimens were sensitized by exposing them to a tem
perature of 650°C for 4 hr under vacuum. 

TABLE II. Ex- reac tor Sodiunn Exposures and Cleaning Procedures 

Duration of Exposure to Cleaning Treatment before 
Group Tube 550°C Sodium, weeks Microexamination 

1 Seamless 1 Moist argon 

2 Welded 1 Moist argon 

3 Seamless 1 Moist argon; I week storage 
in laboratory atmosphere 

4 Welded 1 Moist argon; 1 week storage 

in laboratory atmosphere 

5 Welded 5 Ethanol + distilled water 

6 Seamless 5 Ethanol + distilled water 

7 Welded 5 Moist argon 

8 Seamless 5 Moist argon 

After the specimens were removed from the sodium, they were 
cleaned by one of two methods: 

1. Cleaning with ethanol until the hydrogen-producing reaction had 
virtually ceased, followed by ultrasonic cleaning in distilled water. 

2. Bubbling argon through water at 50°C and then allowing the 
mois ture- laden argon to impinge on the surface of the specimens. In 
mois t -argon cleaning, the concentrated solution of sodium hydroxide that 
formed on the surface of the samples was allowed to remain there for 
24 hr. The specimens were then ultrasonically cleaned in distilled water. 

As a control experiment for the sodium exposures, sections of the 
Type 304L stainless steel welded and seamless tubing were given two 
different vacuum-ampule heat t reatments : (I) sensitization at 650°C for 
4 hr, followed by 5 weeks at 550°C; and (2) heat treatment at 550°C for 
5 weeks without sensitization. 





B . C a r b u r i z a t i o n H y p o t h e s i s 

S t a n d a r d c h e m i c a l a n a l y s e s a n d a n e l e c t r o n m i c r o p r o b e m a d e b y 

A p p l i e d R e s e a r c h L a b o r a t o r i e s w e r e u s e d t o d e t e r m i n e t h e c a r b o n l e v e l s 

i n t h e c l a d d i n g of e l e m e n t C - 2 4 9 - 1 6 a n d s i m i l a r f u e l e l e n n e n t s . 
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ss Wire Support 

304L SS Cladding 

T h r e e s e t s of c a r b o n - d i f f u s i o n c o u p l e s w e r e p r e p a r e d a n d e x p o s e d 

i n s e p a r a t e t e s t s to 5 5 0 ° C s o d i u m ( 1 7 0 ° C c o l d t r a p ) f o r 1 w e e k to d e t e r m i n e 

t h e p o t e n t i a l f o r , a n d e f f e c t s of, c a r b o n m a s s t r a n s f e r i n l i q u i d s o d i u m a t 

t h i s t e m p e r a t u r e . T h e c o u p l e s w e r e p r e p a r e d f r o m u l t r a s o n i c a l l y c l e a n e d 

2 - i n . l e n g t h s of T y p e 3 0 4 L s t a i n l e s s s t e e l s e a m l e s s a n d w e l d e d t u b i n g . T h e 

2 - i n . l e n g t h s w e r e p a r t i a l l y c r i m p e d s h u t a t t h e b o t t o m , a n d t h r e e s t e e l s 

of d i f f e r e n t c a r b o n a c t i v i t y w e r e p l a c e d i n s i d e t h e m . F i g u r e 4 s h o w s a 

t y p i c a l e x p e r i m e n t a l t u b e - i n s e r t a s s e m b l y . 

In a l l , s i x c o u p l e s w e r e m a d e , c o n s i s t i n g of 

t h r e e d i f f e r e n t i n s e r t m a t e r i a l s i n t h r e e 

w e l d e d a n d t h r e e s e a m l e s s t u b e s . T h e t u b e s 

a n d t h e i n s e r t s w e r e w e i g h e d s e p a r a t e l y 

b e f o r e a s s e m b l y s o t h a t t h e e x t e n t of c a r b o n 

m a s s t r a n s f e r c o u l d b e d e t e r m i n e d . 
Carbon Steel Insen 

T h e i n s e r t s w e r e (1 ) h i g h - c a r b o n 

f e r r i t i c s t e e l ( 0 . 9 - 1 . 1 w t % c a r b o n d r i l l r o d ) , 

(2) T y p e 304 s t a i n l e s s s t e e l ( 0 . 0 6 - 0 . 0 8 w t % 

c a r b o n ) , a n d (3) l o w - c a r b o n f e r r i t i c s t e e l 

( 0 . 2 - 0 . 4 w t % c a r b o n ) . T h e l o w - a n d h i g h -

c a r b o n u n a l l o y e d s t e e l s e s s e n t i a l l y d i f f e r e d 

o n l y i n c a r b o n c o n c e n t r a t i o n . M a n g a n e s e , p h o s p h o r u s , s u l f u r , a n d s i l i c o n 

w e r e p r e s e n t i n t h e t w o m a t e r i a l s a t n e a r l y t h j s a m e l e v e l s , s o t h a t t h e 

c a r b o n c o n c e n t r a t i o n s g i v e a f a i r i n d i c a t i o n of c a r b o n a c t i v i t y i n t h e s t e e l s . 

T a b l e I I I l i s t s t y p i c a l a n a l y s e s of t h e i n s e r t m a t e r i a l s . 

Fig. 4. Typical Assembly of Type 304L 
Stainless Steel Cladding and 
Carbon Steel Insert 

T A B L E U I . A n a l y s e s of S t e e l s U s e d a s C a r b o n S o u r c e s i n 

S o d i u m - c a r b u r i z a t i o n S t u d i e s (wt %) 

E l e m e n t T y p i c a l L o w - C S t e e l 

T y p i c a l H i g h - C 
S t e e l D r i l l R o d 

C a r b o n 

M a n g a n e s e 

P h o s p h o r u s 

S u l f u r 

S i l i c o n 

0 . 2 0 - 0 . 4 0 

0 . 6 0 - 0 . 9 0 

0 . 0 4 0 m a x 

0 . 0 5 0 m a x 

0 . 1 0 - 0 . 3 0 

0 . 9 0 - 1 . 1 

0 . 5 0 - 0 . 9 0 

0 . 0 4 0 m a x 

O . 0 5 0 m a x 

0 . 1 0 - 0 . 3 0 

A f t e r t h e s p e c i m e n s w e r e r e m o v e d f r o m t h e s o d i u m , t h e y w e r e 

c l e a n e d i n e t h a n o l a n d t h e n c l e a n e d u l t r a s o n i c a l l y i n d i s t i l l e d w a t e r . 
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III. DATA AND RESULTS 

A. Cleaning Hypothesis 

There were obvious differences in the micros t ructures of the a s -
received tube types (see Figs. 5 and 6). The grain size of the seamless 
tube was larger than that of the welded tube, and the inclusions in the 
seamless tube were more pronounced. The specimens heated in vacuum 
showed essentially the same metallographic features as those in specimens 
exposed to high-temperature sodium for the same period of time, no matter 
which sodium-removal technique had been used. 

^^"^W]^ m ^ 

Fig. 5. As-received Type 304L Stainless 
Steel Seamless Cladding 

Fig. 6. As-received Type 304L Stainless 
Steel Welded Cladding 

As shown in F i g s . 7 -10 , the g r a i n b o u n d a r i e s at the ou te r s u r f a c e 
a p p e a r e d s o m e w h a t w i d e r and d a r k e r in a l l s a m p l e s af ter sod ium e x p o s u r e , 
c l e an ing , and e l e c t r o l y t i c e tch ing . The h e a v i e r g r a i n b o u n d a r i e s w e r e found 
con t inuous ly a r o u n d the o u t e r c i r c u m f e r e n c e of the welded and s e a m l e s s 
t u b e s . L a t e r t e s t s conduc ted by R. V. S t r a in showed that this behav io r is 
c h a r a c t e r i s t i c of the M a r k - I j a c k e t tubing and that it is due to h ighe r 
than a v e r a g e c a r b o n c o n c e n t r a t i o n at the s u r f a c e of the a s - r e c e i v e d 
tubing . 

The m i c r o s t r u c t u r e s of v a c u u m h e a t - t r e a t e d s eann l e s s and welded 
Type 304L s t a i n l e s s s t e e l c ladding ( F i g s . 11 and 12) c l e a r l y r e v e a l the 
c a r b o n c o n c e n t r a t i o n g r a d i e n t that is p r e s e n t in the a s - r e c e i v e d m a t e r i a l . 
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Fig. 7. Type304L Stainless Steel Welded Tubing after Fig. 8. Type 304L Stainlea Steel Welded Tubing 
Exposure to 550°C Sodium for Five Weeks after Exposure to SSO^C Sodium for Five 
Followed by Cleaning In Ethanol and Distilled Weeks Followed by Cleaning in Moist-argon 
Water Atmosphere 

- - v < 

'r 

Fig. 9. Type 304L Stainless Steel Seamless Tubing 
after Exposure to 550OC Sodium for Five 
Weeks Followed by Cleaning in Moist-argon 
Atmosphere 

Fig. 10. Type 304L Stainlea Steel Seamless Tubing 
after Exposure to SSO^C Sodium for Five 
Weeks Followed by Cleaning in Ethanol and 
Distilled Water 





Fig. 11. Type 304L Stainless Steel Welded Tubing 
after Heat Treatment at 550OC for 38 days 
in Vacuum Ampule 

Fig. 12. Type 304L Suinless Steel Seamless Tubing 
after Heat Treatment at SSCC for 38 days 
in Vacuum Ampule 

Some a r e a s at the i n n e r s u r f a c e s of the welded tubes showed s o m e 
what e n h a n c e d g r a i n - b o u n d a r y e tch ing with a l l c l ean ing t e c h n i q u e s . In gen 
e r a l , though, the enhanced e t ch ing a t t ack a t the i nne r s u r f a c e of the welded 
tubes was m u c h l e s s ev iden t than tha t at the ou te r s u r f a c e . No a c c e n t u a t e d 
g r a i n - b o u n d a r y e t ch ing was o b s e r v e d at the i nne r s u r f a c e of the s e a m l e s s 
t u b e s . 

Two add i t i ona l s h o r t t e s t s w e r e m a d e of the abi l i ty of sod ium h y d r o x 
ide so lu t ion to a t t a c k i n t e r g r a n u l a r l y the c ladding of e l e m e n t C - 2 4 9 - 1 6 . A 
po l i shed and l ight ly e t ched s e c t i o n of th i s c ladding was pho tographed and then 
e x p o s e d to 20 wt % NaOH so lu t ion a t 100°C for 40 min . A second pho tograph 
of the s a m e a r e a r e v e a l e d no change . A pe l l e t of NaOH then was a l lowed to 
l iquefy on the s a m e p o l i s h e d s e c t i o n by m o i s t u r e a b s o r p t i o n . The c o n c e n 
t r a t e d c a u s t i c so lu t ion r e m a i n e d in con tac t with the m e t a l for 18 h r . A 
f inal p h o t o g r a p h of the s a m e a r e a aga in showed no a t tack . 

This i n v e s t i g a t i o n into the c l ean ing hypo thes i s of c ladding d a m a g e 
i n d i c a t e s tha t no n o r m a l v a r i a t i o n in c lean ing p r o c e d u r e could have r e s u l t e d 
in the type of a t t a c k e x p e r i e n c e d by e l e m e n t C - 2 4 9 - 1 6 . The m i c r o s t r u c t u r e s 
tha t deve lop when s t a i n l e s s s t e e l i s e x p o s e d to c l e an s o d i u m or v a c u u m 
r e s u l t f r o m the t i m e at t e m p e r a t u r e and a r e independen t of the p r e s e n c e of 
the s o d i u m and the s u b s e q u e n t s o d i u m - r e m o v a l t e c h n i q u e . 

B. C a r b u r i z a t i o n H y p o t h e s i s 

Bulk c h e m i c a l a n a l y s e s of e l e m e n t C - 2 4 9 - 1 6 i n d i c a t e d an i n c r e a s e 
in c a r b o n con ten t f r o m an in i t i a l va lue of 0.025 wt % to a f inal va lue of 





0.035 wt%. Because the damage to the grain boundaries was concentrated 
in the outer 25% of the thickness of the metal, the increase in carbon con
centration in this zone, if it were the causative element, would be substan
tially greater than the increase in the carbon concentration in the bulk of 
the metal. 

Several samples of element C-249-16 were examined in the electron 
microprobe. F rom this examination, it was concluded on the basis of point 
counts that (1) the carbon concentration was higher in the grain boundaries 
than in the matr ix, (2) the iron concentration was lower, and (3) the con
centrations of chromium, nickel, manganese, silicon, nitrogen, and oxygen 
were the same in the grain boundaries as in the adjacent matrix. A similar 
examination of reactor-exposed pieces of Type 304 stainless steel from a 
control-rod thimble showed no detectable increase in carbon concentration 
at the grain boundaries, even though the sample had become sensitized. 
The inference was clear that the cladding of element C-249-16 had been 
selectively carburized at the grain boundaries, although other stainless 
steel exposed to the pr imary sodium in EBR-II had not. 

Ex-reactor couples of carbon steel and Type 304L stainless steel 
were prepared and exposed to determine if the microstructural features 
of the cracked element C-249-16 could be duplicated. Table IV summarizes 
the gravimetr ic changes resulting from these experiments. 

TABLE IV. Results of Experiments with Carbon-diffusion Couples 

Tube Type 
(all 304L SS) Insert Material 

Change in Change in 
Tube Weight, Insert Weight, 

mg/in. mg/in. 

Calculated Carbon Analyzed Carbon 
Content of Tube Content of Tube 

after Test, avg % after Test, avg % 

Welded 
Seamless 
Welded 
Seamless 
Welded 
Seamless 
Welded 
Welded 
Welded 
Welded 
Welded 
Welded 

Drill rod 
Drill rod 
Low-carbon 
Low- carbon 

rod 
rod 

304-SS control 
304-SS control 
Drill rod 
None 
Drill rod 
None 
Drill rod 
None 

-fl.U 
+ 1.12 
+0.41 
+0.36 
-0.08 

0 
+0.22 

0 
+0.30 

0 
+0.40 
+0.03 

-1.35 
-1.41 
-0.82 
-0.82 
-0.08 
-0.09 
-0.48 

-
-0.55 

-
-
-

0.22 
0.22 
O.Il 
0.08 

0.073 
0.03 
0.088 
0.030 
0 . I I 2 
0.039 

0.083 
0.024 
0.083 
0.023 
0.089 
0.024 

Notes: Oxygen concentration in sodium as NajO was 2-7 ppm {by distillation). 
Couples were exposed separately for one week at 550''C. 

Mass transfer of carbon definitely occurred fronn the carbon steel 
inser ts to the seamless and welded tubes. When the insert was a drill rod, 
the cladding was carburized selectively along the grain boundaries of the 
inner surface and to a depth from one-third to one-half of the wall thickness 
(see Figs. 13 and 14). The grain boundaries were heavily delineated by 
continuous precipitates in both welded and seamless specimens. Even in 





the a s - p o l i s h e d condition, prec ip i ta tes were very evident, along with an 
o c c a s i o n a l boundary separat ion sinnilar to that observed in the cladding of 
e l e m e n t C - 2 4 9 - 1 6 ( see Fig. 15). 
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Fig. 13. Type 304L Stainless Steel Welded Tubing 
after Exposure to SSĈ C Sodium for One 
Week with Carbon-drill-rod Insen 

Fig. 14. Type 304L Stainless Steel Seamless Tubing 
after Exposure to 550OC Sodium for One 

• Week with Carbon-drill-rod Insen 

80CX 

Fig. 15. As-polished Type 304L Stainless Steel Welded 
Tubing after Exposure to 550OC Sodium for 
One Week with Carbon-drill-rod Insert. 
(Reduced photographically by IC ô.) 

H o w e v e r , the w i d e n i n g of the 
g r a i n b o u n d a r y upon e t c h i n g w a s no t 
neai«ly a s s e v e r e a s the h e a v y 
d i t c h i n g o b s e r v e d in the c l a d d i n g of 
e l e m e n t C - 2 4 9 - 1 6 , a s s h o w n in 
F i g . 1. T h a t c l a d d i n g s h o w e d v e r y 
w i d e g r a i n b o u n d a r i e s at the s u r f a c e , 
b u t o n l y to a d e p t h f r o m about o n e -
f o u r t h to o n e - t h i r d of the w a l l 
t h i c k n e s s . A l s o , the a t t a c k b y the 
e t c h i n g a g e n t s t o p p e d m o r e a b r u p t l y 
i n the C - 2 4 9 - 1 6 c l a d d i n g than in the 
e x p e r i m e n t a l s p e c i m e n s . H o w e v e r , 
the s i m i l a r i t y i n m i c r o s t r u c t u r e 
b e t w e e n the t e s t and i n - r e a c t o r 
s p e c i m e n s w a s e v i d e n t . 

B y g r a v i m e t r i c c a l c u l a t i o n s , 
i t w a s d e t e r m i n e d t h a t the annount of 
c a r b o n t r a n s f e r r e d to the T y p e 3 0 4 L 
s t a i n l e s s s t e e l i n the e x p e r i m e n t a l 
t e s t s h a d i n c r e a s e d the b u l k c a r b o n 
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l e v e l of the s t e e l to m o r e than 0.2 wt % c a r b o n ( a s s u m i n g a l l weight change 
to c o r r e s p o n d to c a r b o n t r a n s f e r ) . This i n c r e a s e was g r e a t e r than tha t 
e x p e r i e n c e d in the r e a c t o r . 

A l o w - c a r b o n s t e e l r od was u s e d as an i n s e r t m a t e r i a l in an effort to 
m o r e c l o s e l y s i m u l a t e the d a m a g e d tube s t r u c t u r e . The r e s u l t i n g m i c r o -
s t r u c t u r e s of the e t ched s p e c i m e n s ( F i g s . 16 and 17) r e v e a l e d the s a m e gen 
e r a l w iden ing of g r a i n b o u n d a r i e s that was a p p a r e n t in the m i c r o s t r u c t u r e s 
of s t a i n l e s s s t e e l that had b e e n coupled with the d r i l l - r o d i n s e r t s . Howeve r , 
the g r a i n b o u n d a r i e s n e a r the s u r f a c e w e r e m o r e heavi ly a t t a cked when low-
c a r b o n s t e e l r o d s w e r e u s e d , and the depth of the a t t a cked zone was l e s s . In 
t h e s e r e s p e c t s , the m i c r o s t r u c t u r e s ob ta ined us ing l o w - c a r b o n s t e e l i n s e r t s 
m o r e c l o s e l y r e s e m b l e d the m i c r o s t r u c t u r e of the c ladding of e l e 
m e n t C - 2 4 9 - 1 6 . This c a n be s e e n by c o m p a r i n g F i g s . I and 16. 

Fig. 16. Type 304L Stainless Steel Seamless Tubing 
after Exposure to SSCC Sodium for One 
Week with Low-carbon Steel Insert 

Fig. n . Type 304L Suinless Steel Welded Tubing 
after Exposure to S50°C Sodium for One 
Week with Low-carbon Steel Insert 

The s p e c i m e n s of Type 304L s t a i n l e s s s t e e l tubing that con ta ined 
Type 304 s t a i n l e s s s t e e l i n s e r t s showed none of the g r a i n - b o u n d a r y a t t a c k 
o b s e r v e d with the d r i l l - r o d i n s e r t s . This o b s e r v a t i o n s u g g e s t s that the p o 
t e n t i a l for c a r b o n t r a n s f e r b e t w e e n t h e s e two m e t a l s i s s m a l l . This 
b e h a v i o r i s c o n s i s t e n t with the view that the c a r b o n ac t iv i ty in both m e t a l s 
i s e s s e n t i a l l y the s a m e . Differ ing bulk c a r b o n c o n c e n t r a t i o n s v a r y only the 
e q u i l i b r i u m a m o u n t of the s e c o n d p h a s e , not the c a r b o n ac t i v i t y . 

The o b s e r v a t i o n that the i n - r e a c t o r a t t a c k a p p e a r e d only in i s o l a t e d 
a r e a s in the fuel c l add ing s u g g e s t e d that a c a r b o n s o u r c e was c l o s e to the 
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a reas of attack. A carbon source further away from the cladding (e.g., a 
high-carbon mater ia l elsewhere in the sodium system) would cause con
tinuous carburizat ion around the circumference of the cladding. 

To evaluate the postulate that the carbon source was near the clad
ding. Type 304L stainless steel seamless and welded tubes were lightly 
streaked with either Apiezon-N grease (100 fig/in.) or a film of dry graphite 
applied by spraying with a commercial graphite aerosol preparation. After 
this contamination, the samples were exposed to 550°C sodium in the circu
lating autoclave for one week. 

Subsequent microexamination revealed the same selective carbur i 
zation as found in the experimental diffusion couples. However, the attack 
was res t r ic ted to the area near the site of contamination. The carburized 
area was larger than the contaminated region, because of physical smearing 
and sur face- t ranspor t mechanisms in the sodium. A distinct break between 
the carburized and uncarburized regions of each tube was evident. A 45-
sec etch in 5% oxalic acid revealed a striking similarity in microstructure 
between the seamless tube contaminated with Apiezon-N and the cladding of 
element C-249-16. Figures 18-22 are photomicrographs of the specimens 
contaminated with the two carbonaceous substances; these should be com
pared with Fig. 1. 
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Fig. 18. Type 304L Stainless Steel Seamless Tubing 
That Had Been Streaked with Apiezon-N 
Grease and Exposed to 550OC Sodium for 
One Week (15-sec etch in 5%oxalic acid) 

Fig. 19. Type 304L Stainless Steel Welded Tubing 
That Had Been Stteaked with Apiezon-N 
Grease and Exposed to 550OC Sodium for 
One Week 
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Fig. 20. Type 304L Stainless Steel Seamless Tubing 
That Had Been Streaked with Dry Graphite 
Film and Exposed to 550°C Sodium for 
One Week 

IH Al 

Fig. 21. Type 304L Suinless Steel Welded Tubing 
That Had Been Streaked with Dry Graphite 
Film and Exposed to SSOOC Sodium for 
One Week 

• Fig. 22 

Type 304L Stainless Steel Seamless Tubing That 
Had Been Streaked with Apiezon-N Grease and 
Exposed to SSCC Sodium for One Week (45-sec 
etch in 5*̂  oxalic acid) 

IV. CONCLUSIONS 

N e i t h e r c l ean ing n o r s t o r a g e of the fuel e l e m e n t c o n t r i b u t e d s ign i f i 
can t l y to the s e l e c t i v e g r a i n - b o u n d a r y a t t a c k o b s e r v e d a t the c ladding s u r f a c e . 

The c a r b u r i z a t i o n exp l ana t i on for the a t t a c k no ted in the c ladding of 
e l e m e n t C - 2 4 9 - 1 6 a p p e a r s to c l o s e l y fit the o b s e r v e d f a c t s : 
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1. Chemical and microprobe analyses revealed that a carbon-
concentration increase was associated with the areas of attack. 

2. Contamination of the stainless surface with a carbonaceous 
substance before high-temperature sodium exposure produced a micro-
s t ructure s imilar to that observed near the attacked a reas . 

3. The isolated occurrence of the attack suggests localized 
surface contamination, very possibly associated with the manufacturing 
of the tubing. However, there is no way to distinguish between grease 
left on the tube during manufacturing heat treatments and accidental 
contamination of the completed fuel element before it was inserted into 
its subassembly. 
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